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SUMMARY 


Early preliminary design studies are presented which consider the 
important parameters in providing 200 knot test velocities at the Landing 
Loads and Traction Facility. Two major components of this facility, the 
hydraulic jet catapult and the test carriage structure, are considered. 

Suitable factors are determined to correlate analytical data for 
characteristics of the hydraulic jet catapult with data measured from the 
existing catapult system. The resulting equations are used to calculate test 
velocities for a range of jet nozzle diameters and carriage weights with both 
the current 122m (400 feet) and an increased 183m (600 foot) catapult stroke. 

Using the catapult characteristics, a target design point is selected and 
a carriage structure is sized to meet the target point strength requirements. 
These preliminary design results indicate that to attain 200 knot test 
velocities a nozzle diameter of .356m (14 inches) is required with a carriage 
weight of approximately 39 000 kg (85 000 Ibm). High strength steel having 
an allowable stress of 393 MPa (57 000 lbf/in?) is needed for the structure 
to withstand the maximum acceleration of 13-14 g's. 

Suggestions for additions and refinements to this preliminary study are 
given that would be needed in working toward a detailed, final carriage 
design. 


INTRODUCTION 


The Landing Loads and Traction Facility is the only facility in the 
world capable of testing full-size aircraft landing gear systems under closely 
controlled conditions which simulate the take-off and landing operations of 
an airplane. To accomplish a test, the landing gear specimen is attached to 
either one of the two carriages pictured in figure 1, the carriage is propelled 
down the track shown in figure 2 by means of a high-speed water jet catapult 
system, and the test is conducted as the carriage coasts through the 1200-foot 
test section which contains the prepared landing surface. The carriage is 
brought to a stop following the test by engaging steel cables which span the 
track and are interconnected to 20 aircraft carrier arresting gear engines. 
Reference 1 describes the facility in some detail. 

It has become increasingly obvious in recent years that the current speed 
capability of the facility, 110 knots, is no longer adequate to study the 
ground operational problems associated with the higher landing and take-off 
speeds of modern and proposed aircraft designs. As a first step in an effort 
to upgrade the facility to meet current and projected aircraft landing gear 
research needs, a study was undertaken to examine the requirements of a 
catapult system and a carriage capable of providing test speeds to 200 knots. 
The purpose of this paper -is to present the results of that study. The results 
include the rationale and assumptions employed in scaling up the existing 
catapult system and considerations for various jet sizes, carriage masses, and 
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SYMBOLS 

and 

A cross-sectional area of jet, m? (ft2) 

A c carriage frontal area, m 2 (ft 2 ) 

a carriage acceleration or deceleration, m/sec 2 (ft/sec 2 ) 

Cp aerodynamic drag coefficient ' 

d distance of carriage from nozzle, m (ft) 

E water jet/turning bucket efficiency 

F a aerodynamic drag force on carriage, N (lbf) 

F c force on carriage, N (lbf) 

F d dra 9 force on carriage due to air drag and rollinq 

resistance, N (lbf) y 

F x force on water vessel foundation support in horizontal 

plane, N (lbf) 

g acceleration due to gravitation force, m/sec2 (ft/sec2) 

m carriage mass, kg (slug) 

n exponent for polytropic change in volume taken equal to 

1.2 (pv n = constant) 

P 0 initial pressure of compressed air, N/m2 (lb/ft2) 

t time, sec 

t d delay time for water leaving the nozzle at V,- to reach 

carriage, sec J 
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v i 


V 

v o 

X 

y 

a 

B 

Ad 

At 

0 

P 


carriage velocity, m/sec (ft/sec) 

instantaneous jet velocity, m/sec (ft/sec) 

instantaneous velocity of efflux, m/sec (ft/sec) 

carriage velocity at beginning of each computation step, 
m/sec (ft/sec) 

volume of compressed air, m 3 (ft 3 ) 
initial volume of compressed air, m 3 (ft 3 ) 

horizontal distance of jet from nozzle, m (ft) 

height of water jet with respect to nozzle, m (ft) 

angle of nozzle above horizontal plane, deg 

angle through which water is turned, deg 

distance carriage moves during each time increment, m (ft) 

increment of time, sec 

angle through which jet is turned by bucket, deg 
mass density of air, kg/m 3 (slugs/ft3) 
mass density of water, kg/m 3 (slugs/ft 3 ) 


HYDRAULIC JET CATAPULT SYSTEM 

The hydraulic catapult system currently in use is described in reference 
3. Components of the system are identified in figure 2 and consist of storaqe 
tanks where air is pressurized to 20 MPa (2950 psi), an L-shaped vessel which 
is filled with 37.9 m (10,000 gallons) of water prior to a test, and a timed, 
quick-acting valve at the front of the vessel. During catapult the water is 
pressurized with the air, and the valve is opened to release a hiqh velocity 
n et u° f tf ? rou 9 h a .182 m (7.16 inch) diameter nozzle to impinge on a 

U-shaped "turning bucket" at the rear of the test carriage. This bucket 
turns the jet almost 180° with the returning jet being issued just below the 
incoming stream. The force on the bucket resulting from this large rate of 
change of momentum in the jet is the force that accelerates the carnaqe to 
the desired velocity. The accelerating distance, or the maximum length of 
jet travel, is considered to be in the neighborhood of 122 meters (400 feet). 
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?nn i Ttl f approach taken to scale up the existing catapult system to provide a 
200 knot capability was, first, to develop the equations necessary to match 
the acceleration pulse produced by the existing catapult system and then 

masses, noKllTsIzS^et?. 08 ’'" 1 * 6 the acce1erat1on P u,se for “‘her carriage 

Development of Catapult Mathematical Model 

„ a+ A i r ai r e l hi ! to r y of an acceleration pulse obtained during a recent 
catapult of the test carriage is identified as trace (T) in figure a which 

f -k C ot ! ier traces defined by mathematical expressions developed to 
describe this actual experimental pulse. For this pulse, the carriaqe mass 
was approximately 48 000 kg (106 000 lbm) and only two of the three available 

f^nrwti? 6 t ?[I kS W ^ e ® mployed providing a total air volume of 90.6 m3 
(^00 ft ). Theoretical equations from reference 3 were used to attempt 

correlations with the experimental acceleration trace. The equation for 
instantaneous jet velocity of efflux in terms of the initial conditions and 
the instantaneous volume of air charge isi 


v o 


2 Po C 


Pw v 


(1) 


This equation does not include the pressure due to the head of water in the 
vertical portion of the "L" vessel nor the atmospheric pressure term in the 

20 r MPa a f?qRn r ^5i re Tf' °" S1 ’ nCe * hes [; terms are puite sma11 relative to the 
20 MPa (2950 psi) initial pressure in the storage tanks. 

. t if y elocit y was computed for the initial conditions and was applied 
to the following equation ^ 


v o + 


VjA At 


( 2 ) 


which was used to determine the change in air volume during the time period 
At due to the volume of water expelled. In equation (2) the area A was held 
a? aS u U J? S a V" stanta "eous valve opening. The new air volume v 

friff f° f ® ac f time step At was th en substituted back into equation (1) 
and lh 1 Ste ?f y_ste P computation was continued for a total time of 3 seconds 
an the resulting water jet velocity was plotted in figure 4 for a At of 0 1 
sec and a nozzle area of .026 m 2 (.2796 ft 2 ). 

The following third order polynomial was derived for the jet velocity 
curve of figure 4 using a least squares fit of the data: y 
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Vj (m/sec) = 201.80601 - 6.8662 + ,32784t 2 
Vj (ft/sec)= 662.0932 - 22.5269t + 1.0756t 2 (3) 

This equation was used later in the computation to determine the velocity of 
the water hitting the turning bucket of the carriage as it moved away from the 
jet nozzle. 

Another equation from reference 1: 

F c = Pw A ( v i “ V c )2 (1-cos 0) (4) 

was used to compute the theoretical instantaneous force accelerating the 
carriage, where is the velocity of the water stream at the instant of 
impact upon the bucket. The turning angle of the bucket 0 was measured to 
be 177° and was assumed to be constant. If the force is known, the accelera- 
tion can be determined at any instant by 

F c = m a (5) 

The carriage velocity V c due to the instantaneous acceleration was also 
computed using 


V c = V 0 + a At (6) 

where V 0 is considered to be the carriage velocity at the end of the previous 
time step. Carriage position was computed by summing Ad from 

Ad = ^0 + ^c At ( 7 ) 

2 

Time was also summed and Vj was determined from Vj = Vj at t - t d where t d 
(the delay time for water leaving the nozzle at V- to reach the carriage 
bucket) was approximated by 

(8) 


(9) 

All of these values were computed in a step-by-step iteration and the 
resulting theoretical carriage acceleration time history for the existing 
catapult system is plotted as the number (2) trace in figure 3. 


‘d ■ 

V.j was computed from 

Vi (m/sec) = 201.80601 - 6.8662 (t - t d ) + .32784 (t - t d ) 2 
Vj (ft/sec)= 662.0932 - 22.5269 (t - t d ) + 1.0756 (t - t d )2 
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Aerodynamics and rolling friction .- The effects on the acceleration pulse 
attributed to aerodynamic drag and rolling friction were next applied to the 
theoretical equations. 

The drag force on the carriage was calculated from the speed decay of the 
carriage using 


Fd = m a (10) 

where F d was considered to be the total drag force on a free-rolling carriage 
and composed of rolling friction, estimated to be a constant 900 N (200 lbf), 
and aerodynamic drag which was obtained from the following equation 

^a ~ A c Vc^ (11) 

In equation (11) carriage frontal area A c was estimated to be 42 m 2 (450 ft 2 ) 
as determined from a front view drawing of the carriage. Equations (10) and 
(11) were solved in a step-by-step iteration for several assumed drag 
coefficients Cp until agreement was obtained with data from several experi- 
mental test runs of the existing carriage velocity decay over a 305 m (1000 
ft) distance. It was found that a Cp of .9 gave good agreement with experi- 
mental carriage velocity decay. 

Carriage acceleration during the catapult stroke was then recalculated 
incorporating the effects of airdrag and rolling friction and the result is 
plotted as shown by the number (T) trace in figure 3. 

Valve opening effect .- It was readily apparent that to obtain good 
agreement with the experimental data, the math model would have to be modified 
to include the effect of the valve opening transient. To this end, a linear 
force ramp expressed by 


F c (N) = 6,101,327 t 

F c (lbf )= 1,371,633 t (12) 

was used to approximate the force change during valve opening over the time 
period between t = 0 and t = 0.23 sec. Using this valve opening force ramp 
the carriage acceleration was recomputed and is shown by the number (4) trace 
in figure 3. 

Effect of water jet/turning bucket efficiency .- It was assumed that 
trace (4^) of figure 3 was the best theoretical representation of the 
acceleration time history with all major force variables considered. The 
failure of this trace to agree with the experimental acceleration pulse was 
attributed to inefficiencies both in the water jet, due to jet dispersion, 
and in the turning bucket since all of the water was not turned through 
177°. Several efficiency curves were tried before arriving at the one 
presented in figure 5 which, when applied to the math model for trace (4), 
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pulses (compare 9 tra™!T^^ ^heT^t” 6 "^ ’ acceleration 

efficiency curve present in f^e S „ 


E ' io-^dS _ + V^Vx^O^V V 634 J- X 10-4 d2 + 1 ' 34365 » 

o.aoU38 x 10-* d“ where distance d is in meters 

‘ ' J--AS‘S!„-£ s ,iJ afg,. 

Increased Velocity System 


(13) 


system which ^lip^id^in^^ m ? del to describ e a 

the maximum available water jet velocitv ?M teSt i Sp4 f ds s a knowledge of 
function of time using equations^ (1 ) m/V 2 l ™h was . computed « a 

of 136 m3 (4800 ft3)/ a s prov?3ed by the three ex^tTnn" 3 •“ JllV' a1 al> volume 

initial air pressure of 22 MPa 13200 ncil f- exis ^ ln 9 air bottles, and an 
these computations for various nozzfei L Fl 9^ re + 6 Presents the results of 
needed for carriage operations at s eed to looTn^ to ‘ ove V he range 
this exercise was considered a stepiunction^ihP f?‘ The . valve opening for 
jet velocity with time due to the reduction in H f - 9 shows a deca ^ in 
expands to fill the void created bv tK^h th S 91r pressure as the air 
jet velocity from the 36m (14 in f rii^mof scharged wa ter. For example, the 

(690 ft/sec) to 170 m/sec (560 ft/sec) in thr^won*^ 565 fr ° m 21 ° m/SeC 

mode IT^ a cM f^afToS^ime^Fi^t^Tes^w^e^co mputed^for 6 cat ? pult mathematical 
mass as they were propelled hv • computed for carriages of various 

For these calculatioT the ae“mi d?ao coif/"* ** np ^les. 

and rolling friction characteristic*? nf +i 9 coef f 1clent > frontal area (A c ) 
identical to those of the existing carriane Ca ^ iages " ere assumed to be 
valve would open in 0 23 sprnnrk ?n a ^ 1a 9 e * , Tt wa s also assumed that the jet 
data (see figSre 3) L that ?he ffr« offh^ ex1 5 41 "9 experimental J 
would increase linearly to a maximum faW^ T 4 ' 39 ® dprin 9 th at period 
considered. In one condition the ' 4 . W P seneralized conditions were 

Which IS the stroking ditince of t I ? as held to 122 * (400 ft), 

stroke was extended to 183 m (600 ftl rho 1 " 9 s yf te !?» and 1n the other the 
calculations are discussed ^tff l ' « 

historfes P for thifcondition ^eVeffntld 6 ,'"??™^ acce ' prat1on time 

the existing configuration fnd „S„,S ! identical to that estimated for 
that the jet angle with respect to the hn 1P Plpupe It was further assumed 

0 . 9 °. Identified on figure P 7 C a r e°the e rarr* Zonta w 2 u,d rema,n at the existing 

(400 ft) stroke. Note that for ?he cafwL 9 SP6edS S ‘ the end of the 122 ™ 

200 knot range are not realized ft email considered speeds in the 

carriages. Unfortunately, the larqer the noz 7 ?e 1 f! aeters Por w i th the heavier 
acceleration experienced by the test carriage 2 6 * greater tfl e maximum 
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Catapult stroke = 183 m (600 ft): This condition was considered because 

increasing the catapult stroke is one method for reducing the maximum carriaqe 
accelerations. For the purposes of these calculations a new jet/bucket 

/InA C i e ^. curve was estl ' ma ted by extending the curve of figure 5 over a 183 m 
(600 ft) distance as shown in figure 8. It is recognized that this estimation 
is nodoubt in some error but no other data are available to describe the 
efficiency of such a system. The acceleration-time histories for the six 
carriage masses being examined over this extended catapult stroke are presented 
in figure 9. Again, the carriage speed at the end of the stroke is identified 
?u th ^ ^ 1 *9 ure * As expected, these speeds are higher than those generated over 
the shorter stroke for the same carriage mass and jet nozzle size. 

, . 1 ° ai 'd "in the design of new carriage structures, the maximum acceleration 

data from figures 7 and 9 are replotted in figure 10 to show more clearly the 
effect of carriage mass and test velocity on the maximum force exerted on the 
carriage during catapult. 


. O ther system features .- The purpose of this section is to comment on the 
influence that increasing the carriage test velocity would have on water 
consumption, turning bucket design and the water vessel foundation load. 

Water consumption: To obtain some idea of the quantity of water needed 

to conduct high speed carriage tests, a computation was performed using the 
jet velocity equations (1) and (2). The results of that computation are 
presented in figure 11 which is a time history of the volume of water 
expelled from five nozzle sizes. As in all computations, the water is 
considered to be pressurized initially to 22 MPa (3200 psi) by air in the 
three available storage bottles. Knowing the duration of the acceleration 
pulse, the time of jet cutoff necessary to produce a given carriage velocity 
at the end of the catapult stroke was computed by a trial and error method 
with the aid of figure 6. With this information, the volume of water consumed 
was readily calculated for certain test conditions. Two potential 200-knot 
conditions were examined and their results identified on figure 11. For a 
122 m (400 ft) catapult stroke with a 0.36 m (14 in.) diameter nozzle, it is 
estimated that 23.85 m3 (6300 gal) of water would be consumed. To obtain a 
carriage speed of approximately 200 knots with a 600-foot catapult stroke 
requires only a 0.28 m (11 in.) diameter nozzle and the water consumed for 
that condition was estimated at 22.33 m 3 (5900 gal). Also identified on the 
figure is the water consumption for a 109 knot test of the present carriaqe 
(48 100 kg (106 000 Ibm)) with the existing catapult system. 

Turning bucket design: The height y of the jet stream at any 

horizontal distance x from the nozzle during the catapult stroke can be 
computed from the expression 

y=xsina-c| /xj (14) 


Where a is the angle of the nozzle (initial jet angle) above the horizontal 

(0.9° in the case of the existing configuration). Using this expression and 
assuming no effect of wind or air drag, the angle of the water jet relative 
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to the horizontal and the position of the jet with respect to the existina 
carriage bucket design were computed at the start of the catapult, at the 9 time 
of maximum jet trajectory, and at the end of the catapult stroke FiqSre 12 

ditimJ 3 ^h 1 U - tr ?- 6S th ? S / ? ngles and P° sltions for three catapult 9 con- 

air hntfiJ h0Wn in ^ 1g Tf 12 ( a ) are those for the existing catapult with two 

?7 16 fn ? P ^ SU ^ Z ^ d + t0 ^° MP ^ (295 ° PS1 * } and a nozzle diameter of 0.182 m 

the^et is' ? Sqo tha J at °J th ? u 122 m ( 4 00 ft) stroke the angle of 

i nq condi ti on * °0 36 1 ? ^i! • T 65 ^ pos ) tions *>r the follow- 

mg conaition. U.36 m (14 in.) diameter nozzle. 122 m (400 ft) ratarmlt 

s t an ? re V 1r bottles pressurized to 22 MPa (3200 psi) a combination 

which has been shown to theoretically propel a 38 600 kg (85 000 lbm) 

carriage to a speed of approximately 200 knots. The figure shows that at the 

ah^ 1 /p U ?hi et he ^? ht » wher ® the trajectory angle is zero, the jet would rise 
above the existing bucket and a larger bucket opening would be needed to 

nthp Pt ?nn\ en i arged i' et * Figure 12 (°) describes the jet position for the 

?600 r ft?°and°thp Xampl ? W i erei1 ; the cata P ult stroke was extended to 183 m 
(600 ft) and the nozzle diameter was enlarged to only 0.28 m (11 in ) For 

h, S concht, 0 " ,t was necessary to tilt the nozzle from the to 

1.345 to keep the water jet from dropping below the lower edqe of the 

th^thp bucket the end of the longer stroke. The assumption is made here 
that the current bucket cannot be lowered due to potential test surface 
clearance problems. The figure shows that at its maximum height the iet 
would clearly miss the existing bucket and to accommodate such a’condition 

large afSlIe'exis^nfbSet" “ ,th * Vert1 ° a ' ° penin3 Woximately twice as 
was computed 1 "from°the ^ °" the ” ter 


Fx - Pw A Vj 2 cos 6 


(15) 


where 3, the angle of the water jet with respect to the horizontal, was 
assumed to be zero. Applying this expression to the two nozzles considered 

?QR^nnS r ^]r S ^ he maximum horizontal foundation loads are 4370 kN 

983 000 lbf) and 2700 kN (607 000 Ibf) for the 0.36 m (14 in.) and 0.28 m 

diai | 1 ® ter noz z]es, respectively. The maximum foundation load 
produced by the current nozzle is 1060 kN (238 000 lbf). 

These features and other pertinent characteristics of the existinq 
Tabled SyStem and the two 200 knot exam P le systems are summarized in 


TEST CARRIAGE STRUCTURE 

. . A study wa ! undertaken to arrive at a structural configuration for a new 

test carriage of minimum weight capable of meeting desired performance 
requirements. The design variables which were considered for such a 

iT 6 - he general layout or topology of the structure, types of 
material, and the sizes of each structural member. Several structural 
configurations were considered. The initial configurations resembled the 
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existing large carriage which, although unacceptable, provided useful informa- 
tion^ guide the design of subsequent configurations which showed promise of 
meeting the specified requirements. The purpose of this section of the paper 
is to review the carriage requirements and to discuss in some detail the 
results of the configuration study. It should be pointed out that the design 
effort described herein consisted of sizing carriage structural members to 
provide adequate strength during all anticipated test operations. Hence, the 
results presented should be considered as preliminary design information to 
guide further work needed to arrive at a final design. 


Carriage Requirements 

Listed below are the basic carriage design requirements. The first two 
are constraints imposed to assure that the new system will be compatible with 
the existing facility. The remainder describe desired performance 
characteristics. 

1. The overall dimensions of the new carriage must comply with the 
following: 

Length - up to 21.8 meters (71.7 feet) 

Height - up to 9.1 meters (30 feet) (could go higher if needed) 

Width - 9.1 meters (30 feet) between centers of two rails (can 
overhang rails if needed) 

2. The vertical and horizontal location and general arrangement of the 
bucket at the rear of the carriage which is impinged by the hydraulic jet must 
be approximately the same as on existing carriages. This specification is 
necessary so that both the new and existing carriages can operate with the 
same catapult system. 

3. The principal performance requirement is that of high speed. The 
desired speed is specified for two different test article masses. 

200 knots with 9072 kg (20 000 lbm) test article 

170 knots with 22 680 kg (50 000 lbm) test article 

4. The carriage must have a large open test bay to accommodate large test 
articles. Desired dimensions of this bay are a width of 8.5 meters (28 feet) 
and length of 12.2 meters (40 feet). This bay could accommodate bulky 
conventional landing gear on a vertical rail system and also have a single 
support point in the center for attaching large test articles such as an air 
cushion landing gear. 

5. An implied requirement is that the carriage have a low structural 
mass to meet the performance given in item 3 above, It was initially 
estimated that the desired speed performance could be achieved with a total 
carriage mass (excluding test article) of 29 483 kg (65 000 lbm). The catapult 
analysis described in the previous section indicated that the high speed 
performance could be achieved at this mass with reasonable values of 
propulsion system parameters, such as the nozzle diameter. The subsequent 
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objective in the design process was to generate a structural confiauration 
whose mass could be held to this 29 483 kg (65 000 lbm) target. 

arrestment h and: ma9e withstand the inertia loa<ll '"9 during catapult and 

the vertical f ? r ?? s 0 T up *2 222 - 4 kN ( 50 000 ’M each in 

trie vertical drag, and lateral directions during test. 

f . A . 6 f: 7 05 000 lbm) side preload on each set of wheels to 

follow rail deviations as the carriage travels along the track. 

No upper limit was specified for the g loading during catapult of the 
carriage, however this value should be kept as low as possible to minimize 
possible adverse effects to onboard instrumentation and equipment. Other 
esign specifications were identified but they related to such thinqs as 

hydraulic systems and roll-back brake systems and were not directly 9 relevant 
to the design of the basic carriage structure. Teeny relevant 

. The above specifications allow considerable freedom for the desiqn 
variables in the general layout or topology of the carriage structure 9 as well 

F a L 0 Ii4c ,eCt : 0 \ 0f i he i ypes of "»t«-ial and sizes of thfstrSal ' 'members 
f f iTi nt s I ru 5 t !! ral configurations were analyzed and all five were of 

in deta f ^ ^he fn I!" 3 " 16 ™ stru ? t1on - The ^ configurations are described 
in detail in the following two sections: the first section discusses the 

rf S H H S / r ° m thS P rellminar y configuration studies and the second discusses a 
candidate carriage structural configuration which emanated from the earlier 


Preliminary Configurations 


c . M ,J he f irst , three configurations analyzed had a high test bay surrounded bv 
structural members with vertical side rails to guide the drop of the test article 
and a separately located low test bay. The first configuration ^ considered 
shown in figure 13(a), had the high bay located near the rear of the carriaae 

^f\h hr h-V? rCe T ld enter the carriage. The low test bay was located 
ahead of the high bay and was spanned by overhead structural members This 
configuration resulted in a center of gravity location a substantial *heioht 
(approximately 4. 6 meters (15 ft)) above the top of the track rail. Since 
*„ ri ht of tbe bucket at the rear of the carriage where the catapult 
thrust force enters the structure was fixed at approximately 1 2 meters (4 ftl 
above the rail, this large separation of thrust force and carriage center of 
tp a i-ff P rodu ^ d a sizable moment which would cause the front of the carriage 
thi ri 1,0 !/ 6 rails during catapult. The prevention or alleviation of 

prob em during catapult became a major consideration in the 
carnage design. 

The carriage center of gravity was moved forward in the second and third 
configurations by locating the high bay at the front of the carriage as shown 
in figures 13(b) and 13(c). The third configuration evolved from the second 
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wherein the structure over the low bay was removed. The arrangement of the 
high test bay of this third configuration was then modified to serve as a 
high. "back-stop" structure shown in figure 13(d). In this fourth 
configuration, conventional landing gear units would be attached to a fixture 
which is dropped into the open bay area during test. This fixture would be 
guided by rails attached to the rear of the back-stop structure. The larqe 
open bay of this layout could accommodate large bulky gear configurations. 
Further, a cantilever boom arrangement could be readily attached to the 
back-stop and extended to the center of the bay to provide an attachment 
point for testing of large single or multi-gear landing systems. 


t 

tm i a T |] e i lar9 + !? aSS of t he . test article support structure and the test articles 
would be located near the front of the carriage in the fourth configuration. 

I his arrangement would alleviate the moment which tended to lift the carriaqe 
during catapult, however, it would not altogether eliminate it Thus it 
would be necessary to provider set of hold-down rails in the catapult section 
of the track and attach additional wheels to the front carriage frame to react 
to this moment. In this fourth layout, the large open test bay would be located 
better) the large mass of the test article support structure and the thrust 
bucket thereby requiring heavy side beams to transmit the thrust force alonq 
the entire length of the carriage. Since hold-down rails were found to be 
necessary during the catapult phase of all four preliminary carriage 
configurations examined, it was decided that the candidate carriage design 
would be configured with the model support structure at the rear of the 
carriage next to the thrust bucket to take advantage of the potential savings 
in mass from not having to employ these heavy side beams, 


Candidate Carriage Structural Configuration 

Configuration description .- The fifth structural layout, shown in 
figure 14 , was the final model used in this study and will be considered 
herein as a candidate carriage structural configuration. Characteristics 
of this configuration will be discussed in this section and details of the 
finite element structural model used for the analysis and desiqn are qiven 
in the Appendix. 

The sides and front of the carriage are constructed from built-up 
beams which transmit the inertia loads during arrestment to the front corners 
of the structure where the arresting cables are impacted. Also, reaction 
forces from the tie-down system are carried by these beams during catapult. 

A truss structure at the rear of the carriage transmits the thrust load from 
the bucket at the rear center to the back-stop structure and side beams. A 
platform could be built on top of the truss structure to support an instrument 
room and any mechanical equipment such as hydraulic pumps, tankages, or an 
auxiliary power unit required to operate the gear drop system. 

Sizing procedure .- The structural members of the carriage were sized to 
m eet strength requirements for five different applied loading conditions: 

(1) Inertia of carriage and small test article at catapult. 
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(2) Inertia of carriage and small test article at arrest. 

(3) Maximum forces generated by test article during test. 

(4) Inertia of carriage and large test article at catapult. 

(5) Inertia of carriage and large test article at arrest. 

The small test article mass was 9072 kg (20 000 Ibm) and the large test article 
was 22 680 kg (50 000 lbm). The structural members were all considered to be 
tubes and were modeled with extensional elements which neglect any bending 
stiffness. Thus, the structural sizing process involved selecting a set of 
tube cross-sectional areas that would produce stress levels below a specified 
material allowable under all loading conditions. A set of discrete member 
sizes, which correspond to standard tubing was used. In the sizing procedure, 
the elements were first divided into groups whose members were specified to 
have the same cross-sectional area. The structure was then analyzed and 
member sizes adjusted manually in an iterative manner until the highest 
element stress within each group was below the specified material allowable. 

The material used in the early phases of this study was 4130 steel 
which has a yield strength of 414 MPa (60 ksi) and an allowable of 207 MPa 
(30 ksi) for a typical slenderness ratio (length/radius of gyration) of 40. 

It became obvious that a material with a higher allowable was needed to 
produce a carriage whose mass was close to the target value of 38 555 kg 
(85 000 lbm). Therefore, 4140 steel with a yield of 621 MPa (90 ksi) and 
allowable of 296 MPa (43 ksi) was used for the first sizing of the candidate 
carriage configuration. 

First sizing .- The first sizing of the candidate configuration was 
performed for a maximum thrust force of 4.45 MN (1.0 million pounds) which 
resulted in a carriage mass of approximately the target value of 38 000 kg 
(85 000 lbm). A mass statement for this first sizing is presented in 
Table II. The carriage mass is the total of the payload, (which was 
specified) non-structural mass, (estimated) and the structural mass 
(which was calculated at the completion of the sizing process). Only gross 
estimates were made for the non-structural masses. Values for these systems 
will need updating when detail design of the wheel trucks, instrumentation, 
propulsion bucket, arrest system, and test article support produces more 
accurate information. 

This first sizing design point is shown in figure 15 in relation to data 
from the jet catapult system first presented in figure 10. Figure 15 indicates 
that with the first sizing a 194 knot test velocity can be achieved with a 
122 meter (400 ft) catapult stroke and a 212 knot test velocity for a 183 
meter (600 ft) stroke. 

The mass of the first sizing was mathematically scaled to give a 
reasonable approximation of the carriage mass needed for a range of thrust 
forces and for three material allowables. This scaling produced the dashed 
curves shown on figure 15 for 4130, 4140, and HY 130 steel. 
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The curve fc T the 4130 steel is included to indicate that the carriaqe 
performance is only marginally acceptable even for a 183 meter (600 ft) iet 

? / Im ;^ AC J eP J able - perf r manCe 1s shown t0 be achievable with f 

22 meter (400 ft) stroke using the HY 130 steel, which has a 393 MPa (57 ksi) 
allowable and yield strength of 896 MPa (130 ksi). S1 

r; A description follows of observations and assumptions which permitted use 
of the scaling procedure. The maximum thrust force produced during catapult 
was found to be the loading condition which governed the size of all but a few 
structural members. The stress levels in the members are directly proportional 
to the maximum thrust force. Carriage mass depends on member sizes P which are 
directly proportional to the stress levels and inversely proportional to the 
material allowable. Use of these relationships results in acarriaqe mass 

t n Th o 1S J ir< ^ y proportional to the thrust force and inversely proportional 
to the material allowable. This scaling neglects the effect of discrete member 
sizes, therefore the curves of figure 15 for each of the three materials should 
be considered as suggestive of the carriage mass that would result from the 
complete carriage sizing process. om tne 

i®g^sjzin£.- A second complete sizing process was performed using the 
HY 130 steel ana a maximum thrust force of 4.89 MN (1.1 million DoundO A 

carriage mass of 35 600 kg (78 500 Ibm) resulted. This design pS is 
shown in figure 15 and the corresponding mass statement is g?ven in Table II 
process^ 1S approximate1 ^ 2 P ercent greater than predicted^ the scaling * 

The carriage resulting from the second sizing was selected for use in the 
candidate catapult/carriage system. The carriaqe appears to have adequate 
strength but additional structural mass may be required to provide adequate 
stiff n es s to prevent buckling or other adverse dynamic behavior. The system 
would require a catapult nozzle diameter close to 0.343 meters (14 inches) 
k’ 4 - d iV n ? lau !lf h ’ the carriage would experience a maximum acceleration of 
about 14 g s. The gross parameters of this candidate system are presented 
in the following section and the details of the final finite element model 
including member locations and sizes, are given in the appendix. 

. . Candidate structure .- A summary of the characteristics of the second 
sizing, referred to as the candidate carriage, is presented in Table III 
The total mass of the carriage is the sum of 17 463 kg (38 500 lbm) 

Str on t ron 1 ,’ 9 ? 72 kg ( 20 ?°° 1bm ) "on-structural # and either 9072 kg (20 000 lbm) 
hy k9 S°? lb k! b6St article ' Use of a hl ’9 h strength steel, namely, 

rli i° t0 obtain a structure of this mass. The longitudinal and verti- 

cal location of the carriage center of gravity is given both with and without 
a model positioned for either catapult or arrestment. The maximum g-loadinq 
during catapult was computed at 14 g's for the 9072 kg (20 000 lbm) test artirip 
jnd.10 g's for the 22 680 kg (50 000 lbm) test articll, The maxSin l-foaSnS 
during carriage arrestment is assumed to be 5 g's for the 9072 ka (pnnnn ihm? 
test article and 4 g's for the 22 680 kg (50 000 1 bm) test article! A??eslment 
loads are actually dependent on the arresting gear system employed and that had nnt 

ne e cJon ta o b i\t d ^;° r 1° f h1S StUdy - The »o”-do W n y raiT WtSMs 'and the de- 
lection of the test article support were determined and are given in Table IV. 
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A description of the steel tubing used for the carriage structure is 
presented in Table V. This tubing is a subset of the standard pipe sizes 
given in reference 4 and was selected for a range of cross-sectional areas. 

The section number used in the SPAR analysis contained the first two diqits 
of the tube area. The total length and resulting mass of each type tube is 
given in the last two columns of the table. Limited use is made of type 17 
and type 61 tubes because of fabrication problems and possible high costs; it 
may be more beneficial to change these members to types 22 and 84, respective- 
ly. Such considerations were beyond the scope of this study and are 
representative of additional refinements needed in subsequent studies. 


SUGGESTED ADDITIONS AND REFINEMENTS 

A list of suggestions for additional studies to refine the design of an 
upgraded (to 200 knots) catapult/carriage system is given in this section. 
The list is not complete but does indicate some important aspects of design 
which were considered beyond the scope of the present study. 


General 

1. Reassess the carriage requirements which were originally specified 
to determine whether some could be relaxed or new ones added based on the 
results of this study. 

2. Perform the preliminary design of all other major components needed 
to upgrade the facility, such as the arresting gear system and the extended 
track. 

3. Determine a cost breakdown required for the candidate system and 
assess the technical risks associated with this proposed design. 


Hydraulic Jet Catapult 

1. Perform tests to measure characteristics of the jet produced by 
the existing nozzle. This is especially important if a 183 m (600 ft) 
catapult stroke is desired. The trends from such tests are needed to 
substantiate the performance estimates for the increased thrust system. 

2. Determine the modifications to the water vessel foundation needed to 
react the increased thrust force. 


Carriage Structure 

1. Examine layout of the structure and try to simplify the design. 

Reduce the number of joints if possible and eliminate any unnecessary members. 
Members may need to be relocated to provide joint arrangements which better 
lend themselves to fabrication. 
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mass 


2. Explore alternate depths and widths of carriaqe side beams inrlr.dinn 

tapering the distance between the upper and lower set of stringers.’ 9 

3. Explore alternate locations for the carriage wheels. 

4. Calculate a more accurate representation of the actual carriaqe 
t J a ^ includ f s all major items such as propulsion bucket, hydraulic 

systems, model supports, instrumentation, and material needed to fabricate 
joints in addition to the idealized structural mass. 

5. Consider the slenderness ratio (length/radius of gyration) in 
establishing strength allowables for each member. Local bucklinq of the 
individual members is accounted for in this manner. 

6. Assess the stiffness characteristics of the structure by calculatinq 
vibration modes and frequencies and by calculating static deflections under 
specified loads on selected portions of the structure. 

7. Calculate overall buckling load for the structure for both catapult 

and arrestment conditions. K 

8. Carry out the design of the hold-down rails. 

9. Determine the details of the test article support fixture. 


CONCLUSIONS 

... + The ?! lowing conclusions reached during this study can be used to quide 
additional design studies which are needed to arrive at the details of a 
catapult system and a final carriage design. 

1. Based on assumptions that appear reasonable, it would require a 
water jet .356 m (14 in.) in diameter to propel a 39 000 kq (85 000 Ibm) 
carriage to 200 knots in 122 m (400 ft) with a maximum acceleration of 
approximately 13.5 g units. 

2. A water jet .279 m (11 in.) diameter would propel the same carriaae 
mass to 200 knots in 183 m (600 ft) at a reduced maximum acceleration of 

9 g units but there might be problems with jet efficiency, initial jet anqle 
and turning bucket dimensions. y * 

_ . , 3 * Jh f SPAR finite element computer program provided the capability to 
model the structure and represent the inertia forces on the carriage. 

4. Automated structural sizing programs at LaRC were not directly 
applicable in this study since a set of discrete member sizes correspondinq 
to cross-sect i ona 1 areas of standard tubing was used. 

5. A tie-down rail system is needed during catapult to prevent the 
front of the carriage from lifting off the existing rails. 
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6. Use of a material having an allowable of 393 MPa (57 000 psi) is 
required to achieve a carriage structural mass of approximately 20 406 kg (45 000 Ibm). 


7. Additional design studies are needed to substantiate or further 
quantify the preliminary design information given in this report. 
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APPENDIX A - FINITE ELEMENT MODEL OF CARRIAGE STRUCTURE 


. A listing of input data to the SPAR computer program, reference 5 
which was used for analysis of the carriage structure is given in this* 
appendix. Comments to explain the various sections of data are qiven 
throughout the listing and start with the $ character. Each comment 
describes the data which immediately follows it. 
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1 58 

648,00 0 

0,000 

233.000 

159 * 

6 46.0 0 0 

59.000 _ 

_ . 288.000 

_ 160 

6 4 3.0 4 0 

-55.000 

238.000 

1 6 1_ 

64ft . 000 

0.00 y 

28 8. (» 0 0 

. . 162 

-6 4 6 . Q 0.0 

. . O.OO'i 

-- 238.000 

163. 

7 0 0.00 0 

0.000 

42.000 

_ 164 

7 00, 0 0 0 

._o,ooo 

4?, 000 

165 

700 , u 0 0 

0,000 

88,000 

166 

700,000 

0 , 0 0 0 

38,000 

1 67 

6 8o,000 . J 

1 30 ,000 

28,000 

168 

680,000 

.- 180. 000 

28,000 

169 

676,070 

156,603 

88,000 

170 

6 7 6 , U 7 0 

-156.603 

88,000 

171 

6 In . (i 7 0 

75 . P 75 

?fl 000 



1-12 - 

- - 67o,H70 — 

680,000- - 
o 8 Q * ft 0 1) . 

- 712.000 -- 
712.00U- — 

- -7 Q.<U14-U~ . 
— . 7Q3.-1 a 0 -. 

_ 

?fl . 000 

173 

46,167 — 

— -46,167-- 
— 160,000 - - 
_ *16 0,00 0 . _ 
---133,216- - 

*133. 216 — 

- 91,550 

. —-91 ,550— 

43,333 

.---43.333- - 

- - 88,00 0 -- - - . . - 

. 88,000 - . -«5" . _ 

- - 88,000 - - - 

88,000 

_ . 2JU.U.O0 

174 

— 175 - 

- -176- 

177 

176- - 

28.000 

. -179. 

7 0-4 .33 U- _ 

88.000- 

160 _ 

- .J-Q4.lao - 
712-.3Q0 

-88,000. 

161 

.. 33. 667 

. 182 . 

712*000 

3T,h67 

163 

. X4iU.0DU 

_ leo.naa. 

.28,000 

16J4 

74<UQ-0-Q- . 

-tan. Qoo_ 

. ..... 28, 00 0 

163 . 

- —7-32.21 1 

— 109*825 

28,000 . 

336 

732*21 1 

---109,825 

. 28,000 


732*213-. 

---1 09*825 .. 

. 88,000 . 

_ 188 . 

_. 732*211 - 

_ -109.62* 

88.000 

139 

7.4 4*3 00 

37,50(1 . 

-88,000. . 

-L9Q . . 

. - . 7.4 4*-CLQ 0 ... 

- -37.500- 

. . .88.000 

- 193 

776..0.aa 

160.000 - - 

88,000 

-192. - 

_ 7.7 &*3 an 

_ -180,00 0 - 

88,000 

1.91 

_ -759*359 

67.3b«- - 

. 32,250 

193 

7.59..156 

-87*366 

32,25(1. 

193 

753*356 

127*363 

88,000 

196 

_ .759*156. . 

— -127,366 .. 

— . 88.000 . 

197 

__ 776.Q0.U . 

__ 31*667_. 

39. 333__ 

193 

776.000 

-31,667 

39.333 _ 

1 99 

_ 8 0 3. 0.0.0. 

_ - . 1 6 0 . 0 0 o 

28.000 

MQ_ .. 

8 08.00 1; 

— -160,000_ 

. 28.000. 

Ml. 

7 86.105..... 

— _ 64*612. _ 

88.000 

_M2_- . 

786,_105 

-64, OJ ? 

_ .-88.000 

.. . 203- . 

786.105 

144.612. 

.28,000 • . _ 

204 

_ 786.105 

-144.612 

. 28.000 

205 

808.00Q. 

_ 25.633 . 

88,000 . ... 

206 

608.000 

-25.633 __ 

. 88,000 

207 

813.053 

--4 2,4 5 n 

40.750 

206 

813.053 

-42,456 ’ 

40.750 . 

"209 

813,053 

162,486 

88,00 0 _ 

2 1 0 _ 

8t3,o53 

-162,48b 

8 8,000 _ _ 

211 

8 40, _00n . _ 

180 , O00 

_ ,29.000 

212 

840,000 

_-180,000.__ 

28.000 

213—1 

84 rt ,_Qp3L. 

180. O.OJ)— .- 

88.UQ0 _ 

. 219 „ 

840, OOP 

- 1 8 0 ,0u 0 

88.000 __ . 

. .215 _ 

.8_4.0,O.OC_._ 

? o.ooo 

.. 45.000 

21.6.. 

— -PAOjC'OO 

. .-24..00 0- 

_ -45.000 

217- _ 

6 4 0,000 

20, 00 0 

88,000 _ 

218 

840.000 

_-?o.ooo 

88.000 

219 

_ 84.0,0 03). 

1 ao t ooo 

28.000 

220 

840,000 

-140,0 0.0 

. 28.000 

221 

640.000 

60,000 

28,000 

222 

840.040 

-60.000 

26.000 _ . . 



□ 


r 


r~ 


223 

.8/141.0 00 

-66(4.000— . . 

.8 60.0 0 0 

a <io. o au - _ 

516.00.0-- _ 

-100.000- 
• 100.000. _ 
- - o . n o o - 
— 0.0 04) — 
-0,000 

- -88-, 00 0 

226 

8 A . 0 0 0 

225 

168,000 

2 28 

168 000 

—227 

- 4 • > 1 f-v U W *- 

---238.000 

-22-tL. 

-5.16.,-OCLO 

a.aao 

»■ ^ 9 ^ Sr 

—238 .000 

— 229 . .... 

516.000. 

— o.oao 

— - 53.000 . 

230 

516..0QQ. 

o.COQ . . . 

- 53*00.0. 

231 

516.000 

— o.o an. . 

0,00 0. 

232 

.SI 6* 000- 

0.00 (1 

— 0,000 

233. 

.3 QU-.-00 (L . 

- --C.000 

- 188,000... 


23« 300 * oou _fj_..oxio I8a*o.a.o. 

235 3UO.0OO . -P.OOO— - 53*000_ 

236 _ 3 0 0.000 . 0.0 Oil 53.000 - 

C0N = 1 -3 

-S. GLOBAL B.C _ 

S- J.QINTS 15 AND 16. ARE AT FRONT .*H.EEL TRUCKS 

-S JOINT S_2-L1_ AND .212. .4PE -A.T -REAP— /'HEEL TRU£K5. 

ZERCL 3 * 15 ! 16 * 21 1 1 2L2. 5 

ZERD_2* _ 15*211 i. . _ _ 

ZERO-.i*. 15 3_ — . _ 

8-3. C. -REQUIRED FOR INDIVIDUAL FRAMES- . 

8— B . C . _T Q..EL I *iIN ATE UNUSED JOINTS ... . ' 

ZE.RO_L t .E/J.; -3.1.2 «j .10 2 U. LQ ; 1 1 6.1J.2.0 * J 2 6 3 128 ’ $ _ 

ZERO.. l#2 f 3l__13ei H0 *i5q. I5a*i5«ii62 

IERQ_1, ? L 3; 166 1 166 1226 I 228 *230 *232 *236*236 

jJSEQ_ $ 

lZ.128f.227/236/ 12R/226_$ 

E23 SECT 1 On properties 3 

1 TABLE _0F BAR CRU S 3 - SEC T! ON A L_A R £ AS_ 

S iORRESPUNDlNG TO STAN'D^RD TUBE SIZES. 

__1J)._L.075 i. . _ 

18 1^477 t 

1 7. 1.7 Q4 i __ 

_. 22 2 .227 

26 _. 2 . 68 . 0 . S __ 

__31_ 3.17a S 

36 3 » 678 

6 0_ 6.028 < 

_. 6 3 6.300 « 1 " " 

— 55 s.581.5 

- -—6.1 6 ..lii. J>. _ 

86 8 .605 3 __ 

_ il3_L1.36u * 

. 127.12,760 5 

_156_1S,660 5 

_ 161 lb, 100 '% ~ — 

_2J_3_ 2.1 ,3.0 P _$ J 1 

S TO SET UP MASSES PQR VARIOUS LOAD CASES 
S FOR FIXED ( I NDEPEf'OfcNT of mqI'EI ) MASSES 
fXQT TAB f 



-HWASS-i 

EQR — TRUCKS. . . ~ " 

15/-25GQ,0>14>/25QQ.0 S _ _ _ 

21 1 * 25CLQ . 0 ?212» 25Uil. 0 - S .. 

L-, A_E0B_lN8TRUMENT_CAd i _ 

v 1 a7, 2D 00 * 04-1 e a, 2 Mj..o.i . Tl_"_ J 1 

_ -$_FQR-£ROP UL 8 LQN_ BUCKET . . 

163/R5£Q.Q_8 

-S_FflR_fiiDSE--BLDCKS ..... . 1 

^ 29 , _7^j0.. Q.J 3 0 4 IIL!l,-U ~S _ 

-IXaT-DClL.*. .... . ; 

CHAbiGE.-i/HMAS -BJAh._ 2 ._tfi. 4 RM AS .FIX _0 0 _ f . . I 

, JS_FQR. .2Q«_Q0.0 LB _RAYLGAB_1N HJGH_PrsITlUN 

-I XQT _T_4B_3 

I? MASS i 

, 227j2QOGQ.O _4 

tXQT_.DCU_JE _ 

— CHANGE — L/.K M a S_ HIA bL. 2 __lii. 4 I ’ 1 S 1 5 __.h X GH_JL_ 1 _S_ 

5. FQR_20j COQ LB_P.aYLOAD- IN .LO* PUSITION 

tXQT ..LAB 

RMASS-S 

_ 229 4.2QO 0 0.0 $ 

-tXQT. QCLLL ___ _17. 

— CMAM Lj_R_M A S_ fiTAR_ 2_.l 6 * m$ 15 L0>_2_ 2-5 — 

S_F0R_.5_OjOOO._Ll3._ALR CUSHLDN, fi QDEL_IM HIGH POSITION 

.LXaT__TAB__§ 

_RM A S S_S _ 

23 3 j 5 0 Oi) 0 , 0 _~$T_ 

JXQT_ DCU 4 

CHA NGE l.RMAs BTAR j . ljBi.MS50. « »_ 

,. .S_ FOR_ 5 .O 4 000 LB AIR CUSHION MODEL IN LOW POSITION 

[XQT TAB.Jfc 

RM ASS 4 

235/50 000,0 » 1" 

,1 XQT DCU 4 

change, i , r m a s btar 2 1 S 4 MS 50 lo* 55 s 

[XQT, ELD 4 

_E23 S BAR ELEmEnTS_hav1nG ONLY AXIAL STIFFNESS 
NM A T s 1 S 

GROUP_L" FRONT BEAM - STRINGERS 

A__FRONT_/_ BOTTOM _ “ 

— n_s e c t =1 q_ _‘“ 

31 / 1J32/2 .5 

1/312/4.4 

3/5j_«/<> 4_ 

_ .5 / 7 ; 6 # 7_ i 

4__FR0Nt“,_T0P 

3.3/ 9 1.30/ 1JL * ' 

9, 11 j 10, 12 4___ 

11/ 13> 12/ 1« i 
13/ia s 



S -REAR ,_BQT TOM 

31, 15*52# 16 $ . . 

_ 15,17*16,19 .3 . .. . 

— 17, 19U.S. 20 $ 

19,EQ_6 

S — REAR, TG£ 

__NSECT?17__i 

33,-2J J.34,.22- £ 

-NSECTaXO- 5 _ __ 

21*23 122,24 -5 

_ 23, 25*2«, 26 i 

— 25.# 2-7-126, 27. S 

.GROUP -2JL_FRQNT BEAU -_dRACINfa 

$. FROM— 

_NSECT=22-3 _ 

— 33,lj3«,2 S 

— - 1,9*2., ltt a . 

3 1 ,.9.1 32 ,1-0— £ 

-NSECISlQ ,S.__ . 

9 , 3 1 1 0., 4 1 _ 

3, Ilia, 12 f . . 

1 1 , 5 U 2 , & S 

— 5 , 1 3 1 6 , 1 a . $ _ _ 

__1 

3LTOP 

__NSECT=22 _$ ... 

21,R*22,10_* 

—NSECTsj 0 
_9, 23H0, 2* % 

— 23,1 1 _ 

__.11, 25* 12, 26. «_ 

__ 25, 13*26, la % . 

_ 1 3, 27 * 1 a, 27 $ 

$ REAP _ _ _ 

_ N$ECT = 22 

33,3JL* 3fi,32 .6 

31 ,21 ? 32,22 S 

— 21,15*22,16 5 
. NSECTa 1 0 . a>. 

15,23? 16, 2a 3 

_ 23, 17*?u, 1 A r 

25 J_i Sj, 20 i 

._ 25, 1R?26,20 < 

_19, 27*20, 27 % 

S BOTTOM 
_NSECT = 22 5 _. "" 

__ 1,15*2,16 5 _ 

NS ECTsio s 

15,3*16 ,_a_ S 

3,17»V;ffS i' 

17,5*16,6 ♦ 



5*4-9 1 6,2Q 

L9.,JLU0, 7_4 ... 

A—QiAGOMAI 

j —NSEC T 5.22— $ 

1 L. — 9.#4.5lLa,16- £ 

v — NSECXaiQ-4 

, — U,4-7U2, 18 S . 

13*L9.J4 4,20 JS _ . _ 

-S—ARREST— -STRUCTURE ._ 

• _USECts61..S . 

— 9,29.) lJl-,30 S __ 

_ USECI&L7— 4 

_ — 1 1 ,.294.1-2, 3 G .3 

— NSECT siLi 

— 21,294-22-. 31 S .. _ 

_ _J NSEC.Tal.7 3 

— 33, .29jI4 ( 30- S 

liRQU£_JL!l— SJ i' E . B E An _-_S T K I H G ER S 

„ -S-QUTSIDE^ SQTT 0 m _ 

—NSECT 3.55—3 

— 31,35132,36 4 

— 35,43136,44 5_ . ._ 

43,5lJ44,52 3 

— 51_,J5.9jl52, 6 0. .JL 

. 59,67)60.68 3 

— 67, 75 I 6.8 , 76 $ 

75, 83 {7 &, 8 J 4 

_ 83, 9118^^2. S _ _ 

S. OUTSIDE L T.QR . 

33,39 ) 34,_ a Q % 

_ 39 ,47 J4Q,48 4 
__47, 55 1.48, ,5o 4. 

55,63)56,64 4 

__ 63,71 |6U, 72 S 
_7 1,79.1 72, en s 
.79,87»80,ft«. * 

. 87,93)88,94 $ 

_S_ INSIDE, 8nTTU«l 

15,41116.42 4 

41,49)42,50 4 

—49,57)50,58 R_ 

57_, 6.5158, 6 6_< 

65,73)66, 7_4_ 5 _ 

.73,81 )74,92 4 _ 

__ 81,89)82,90 $ 

89,95l9_0,96_ 4 

„ A-INSIUE, TOP. _ 

NSECT384 i‘ ' 

21,37»22,38_S_ "" " " 

37,45)38,46 5 
. 45,53)46,54 « 



53,61-)54*b2 .3 _ _____ 

61 ,69)62, 70. S __ _ __ 

— 69 , 77 )70 * 7B 3_ __ 

_ 77*65178*66. i_. 

— a5*-lflL3»a6* 104__$ 

-6RQUR — Ui! — SIij£_-t3£A*’L - BRACING 

S-OU-T-S-IDE 

-NSEC T.sl 0_4 

— 33*35)34,36 S 

— 35*39|36*U0_ $ - 

— 39,43)40*44 S _ 


— 03*«7t«a^aa- 

_s 

_U7.,51)«d*52 

S - - 

— SI # 55 1 52 * 56 

S _ . _ _ 

_ _55,59i56*b0 

-S __ _ ... 

• — 59 *63)60*64 

3 ... . . 

63*67 164*66 

$ 

67 * 7-1 1.66., 72. 

-S 

_ 71*75)7 2*.7 a . 

. 4 .. 

75* 79i 7fe* 60 

5 

79,63)60*84 

J 

83*67184*98 

? 

_£7i9JlS8, Q 2 

$ 


A_I0P_ 


33,37 )_3.4 ,35 

\ 

37,3.9138*40 

{ 

— 39*45)4 0,46 

* 

— 45,471.46*48 

5 

—47., 531 4.8, 54. 

. $. ___ _ 

53 *3 5-1.54,5 6. 

% 

—55,61156*62 



61, 6 3.i 62, 64 

8 . . 

6 3, .69 l6_4j_7 0 

$ 

_. 6.9,7 1J7 0*72 

5 

__ 71*77)72,78 

$ 

7.7*l79;Jh * « o 

$ 

— 79*85)80*86 


_ 85*87)86,88 

4 _ 

87,103)68, li 

0 4_ JS 

>%_ I N S I D E 


15,37)16,38 

. S 

— 37,41136,42 

$ 

41,45)42,46 


45,49)46,50 

s 

_ 49,53)50,54 

* 

53,57)54,58 

s 

57,61 ) 58 , 62 

5 

_ 6.1 1 65j_62 ,.66 


65,69)60, 70 

i 

69,73)70,7 4 

< 

73,77)74,78 

<S 



Z7*_&U7a,a2 & . 

— ai- # j85-t82,a6 4 . 

85,83)86,40 $. . . 

83,1.03 | 90 , 1 04 .$ 

L- ^-aOT-IQM _ 

~ 15.,. 35). 16 ., 36- S 

— 35,-41)36,42 — _ 

— 11 1 .,.43 )-4 2, 4 4 S 

— JL3 ,-4.9 ) 4 4 , 5 0 - S ... 

„ — 49,-51.) 50, 52 i. 

5t,i7)52,56 $ 

52,534-58, 6 lO_ $ 

^ 59 ,j 6 54 6 Q , 6.6 3_ ._. 

65,67j66,6a_$.. _ . 

6 1,23 J 68,7.4 _s - 

7.3 , 25.1.7.4 ,76 f 

25,8 LJ.76, & 2 _>i . . 

Sl-t-0-3 4.8 2 , 8.4 

^ 83,8-9)84,9(2 $ 

89^9-1)4 0,92.1 

$. D.IAG.0NAL 

39-,«1j4Q / u2_$_. 

97.,.49 1 48, 50. -1 _ 

55,JL7_1 5-6j_5.8 _S 

61,-65)64,66-2 

7 1,23)72,74.3! 

79jl8 1 1 8 Q , 82 .S 

__ 87, 89 ) 88 , 92 « 

QR.0gP_5"._f-RAME._N0.3. 

S_b Q.R1Z.QN T A L. 1£M1£R g 

. _n sect? 3 i % 

_ 91,95192,96 ft. 

95,. 97 196, 98..$. 

97,99)98, 100 ft _ 

__99, 101 ! 10 0, 101__S 

93 , XO 3)94, 104.9. 

J1 0 3 #.1-DS ? 104, J 06 3 

105,1.07)106, 108 2 

107, 109)108, 1 A 9 $ 

111, 113)112, 1 14 

i 1 l±l 1 5 ) 11 « , u 5_$ 

l.U_»l .1 9 J.li 

_ 12 1 1.1231 122, 123 

125,127)126,12 7_9_ _ 

S_ VERTICAL ^EMBtRS 

. .9 1_l9 3 1.9 2 , 9 4_ $_ _ 

45, .103)96, 1 04 % 

_97.f 1054 98,10 6 _J> 

105,.l 1 1 J 106, j 12 J . 

99,107)100,108 6 

107,113)108,114 % 



* — 113,14 7*114, U 8 -Jh 

U7, 121 f 1 is, _j 22 

— 121,125* 122 , 126 -i ___ 

- 101,-109-4i. 

I- — 1 09 # 1 L5 -S_ . 

V 1-15*44-9 S._ _ 

- U.9*12J_S 

121,.127-S 

$-0 LAG OhA 1 K EMBERS 

^ — NSECLa22-i 

— 93, 95*94, 9a s 

9-5*4.05-* 9-0 # 1 o 0 — $ 

— 1 05, -99-1 4 Oo , 10 0 & 

99,409 1 1 00 , 1 09 $ 

— 103-,4 14 * 10 <J, U14-- 
, —105*113*4 06, 114 i._. 

— 107,4-15.1 1 OB, 1 15_J 

14 1*425* 1 12 ,4 20_i 

— 111*117*112,110 $ 

— 113,1 19x114,1 jqj 

— -11 7_, 123 * lid, 123 i_ 

- —121, 127*122, 127_i_. 
GRQUP_6"_ JLRAM£ nq,4 

-S-HO R 12 0.N T A L MEMaE 9 S _ 

~ NSECT=3i i __ __ ' 

— 129, 131*130,132 i_ 

— 131, 133*132, 139_ 1 
— 133, 13.5* 134, 135_i 

— 137, 139J136, 14Q„. o _ 

13 9jLlii.il 1 4 q, 1 4J 2 S 

— HI, 193 * 1^2 , 143 $ 

— 195, 1«7 * 14b, 14S_5 

— 197, 4 49 j lag, i 

— -151, 153* 152, 153 
— 155, 157 j 156 , 157 ? 

— 159,161x100, 1 6.1 5 __ 

S-VERTICAL MEMf3t*g_ 

- -129, 137* uo, 13d 

— 1 3 1 a 1 39 i 132, i 4 q 

— 139, 145*140,146 $ 

— 133, 14 } * 1 34 , l«2 4 
— HI, 1 9_7 jJ42, 148 6 
— 197, 151 i lud , }52 3 ' 

— 151, 155*152, 156 ‘ 

_ 155, 159 >156,lo0 $ 
_.135, 193_* _ 

_ .193, 199 3 .. 

— 199, lSO_ _ ~ *'■ 

1 53 » 1 57 J ■' 

157,161 ' i 

$ diagonal. m f p r t r r 



—NSECTalii. -£ -- 

42.9,439*130, 140- S _ 

135,4-33*140,4 34.-3 

133# 143* 134,443-3 - 

137*445* 135, 14&_J> 

139.*4 4 7_iL4G,148_3- 

141*4-49* 142, 149—3 

1_45, 159*146,160 .3 

145*451 1 146* 152..3 

147_a53 *448, 153.J - 

15U 157 1.152, 157_3 

155*46 1- *456, 161—3 - 

GRQU.P_7"_FRA M E_ NQ«5 . . 

5-HQRXZ-ONTAL MEMBERS 

_MSECI?22_S 

2il_*-219 * 21 2., 22X). 3 - - 

24.9,221*220,222-4 

221 *215:222*210 Ji 

215,216 % - 


43, 223l21«, 2<34__j-_ 


223 ,217*224,216-3 _ - 

217j21B. *$_ . ----- - _ - 

^-VERTICAL •'‘EMBERS -- 

2-14-*24-2 *2 L 2, 21 4 _ 4 

_21 5# 217*216,218-3 -- 

5_DI AGONAL-^EmbEPS. - 

213, 2 19 *21 4, 220 $ 

—219,223*220,224 3 . . . - - 

__ 223,221*224,222. 3 

224-eZl 7 * 222 ,2 1 8 3 

_ 2 2.3 lI 25 * 2 2 4 , 2 25_1 — - 

217 ,.225*2 16, 225 *_ 

GROUP 6" KgAP TRUSSES. _ . 

$ FROM. OUTSIDE OF F . 4_ T fl OUTSIDE OF F.5 


$_STRINGERS 

_N5ECI = 26- k 

129, 167 > 130,168 8 

_ 167,183* 168,184 5 _ .. . . _ 

_ 183,199* 184,200 8 _ 

199,21 1 *200,212 S 

137,175*136,170 8 

L75,19l*4 76, 192 J_ 

_ 191,213* 192,214 _* _ 

$_ BRACKS — . 

_nsect=iq_* _ .. 

__ 137,167* 138, 1 b 8 _ JS . 

_ 167, 175* 168,176 S . . . 

175,183*176,184 8 

183, 191 * 184, 1 Q2 _5 

191,199*192,200 3 
199,213*200,214 3 




s 

h 

..1 . 
4 


$-FJ?OM_.QUTSIOE 
S-STRJMGEHS 

- NSEC-TS26 4 - — 

— 129, 177 > 1 3 0 #1 7a 
— 177# 165 >176/166 
185# 19 J >4 66-# 194 

— 193#207 > 19a# 208 
— 2!I7#215>2u_6#216 
— 137,169 > 136 #.170 _4_ 

— 16.9# 137 l 170# 158 _4 
— 187,201 ; 168#202 $_ 
— 20.1 #.2 i 7 > 2 0 2 #.2 1 8_f . . _ 
^-BRACING 

-_NSECT=iO 5 

— 129# 169> 130# 170 .5 _ 
— 169, 1771 170# 178. 3 
— 177.# 167 > 178# 188. 3 
IflSjJLSTtUiQ# 1.88. 5 _. 

— 18.7# 1931 18fl#.l_9a 
— 1-93_#.2 Q.1 > 194,202 
— 201 ,2Q7 1 202 # 20 8 
— 2 07 # 2 17 > 2 0 8 , 2 1 8 
-$_F-RQM_MID OP F ,<i 


UF_F.il. TO -MID OF F,5- 


JLSI&LetfiEftS. 

-NS£C.T=26.-$ 

— 133# 17.1 > 13'4j I7_2_.i 

— 1 7 1 #. L8 5 > 1 7 2 #_1 8 6. 

— 185# 203j 186 , 204 5_ 
— 203#211>20^#212 3_ 

191jiJI9.!A62# U_0_3 __ 

— 179, J 67 >180# 188 _* _ 

— 197 #1.95 > 166# 1<?6. S....7 
195#2Q a > 19ft, 21 Q 5 

— 209,213>2t.0#219 1 

8. BRACING 

_ NSECI=10 . 5 .... 

— l^ 1 # 1 7 1 > 192,172 ? 

— 171, 179> 172,16 0_ 

— 179,165)18 0,186 3 
— 187# 185; 168, i86 5 
— 1 95 # 1 9 5 ; 1 6 ft # 1 9 ft *R 
195.# 2Q3! 196,208 _? _ 

— 203#.209>20a,2io 5 

— 209#.2l 1)210,212 3 
.$_ F»OM_.MIO OF F.a JO 
S_STR I N&E 9 s 
_NSECI = 26_ 

1 33#_1 _8Jj 1 34, j 62 jS _ 

181 , 197 > 162, 1 96 S 

1 9 7 , 2 1 5 > 1 9 8 , 2 1 6 i 
1 9 1 , 1 73 > 1 92 , 1 79 * 


- J >__ 

.3 _.. 

,8_ 

TO. .OUTSIDE. 


OF F.5 


•!£>_ OF F.5 



473*4 &-9 *47-4 , 1 90_i- 

189-*l205i490,206- 5 

205 till 7.1-2 uo #-21 8 -1- 

-S-flRACXNG _ 

_NSEC4a4Q— $ _ 

— 433#4-Z3 1-13144 70-4 

— 173,484-14 7 0., 182-4 

184,-189 1182# 1.90-5 _ 

189*437 1 1 9-Q # 198— i - 

197 *20 5449 8, 206—4 ... 

— 205,215*206, 2-1-6. _i 

£fi£LUP— SLl-BEXw E E.N _£^3-A tifl-EL. 0 

8_ LQN G LT.U D I N A L _M E&8E2 S . 

-MSEC 1564-4 

9 5 #-4254-9.6 ,430—8 

_ NSECt=22- 1 

9.7# 13.1 198# 132_5 

1 0 1*4 35_4 ~ "IT 

_NSEC.T=84_i 

103*137-1100,138-4 _ 

-MSEC 1531-4- 


1Q5, 439j 106, 10Q_ s _ 

141*4314x10 8 # X« 2_5 

lQ9i-Ml_$ 

_1Uj105!M?,106_$._ .. 

113,1071 no, 1 05. .? 

1 15,10 9_J „ „ _ 

__1 17, 4511118,152 5 _ 

XL? L 1 53-1 

121,1551122,156.5 . 

123, 157-5. - 


125, 15.9 1 126, 160 _J . _ 

427 14_6 1— 4 ... 

S .HORIZONTAL, BRACING 

—91,429192,130 4. . 

93, 137190,138 $ 

1 29, ,_9_7j 13 0,98 5 

-137,1051138,106 * 

97, 1.33198, 130. $ 

105,lO4Jl06 f 1A2. ? . . _ 

99^4354 40.0,135 _S ... . _ . 

107., 103i 100, 103 4 . 

115, lJ7.il 13, 1 08 4 

1 17*4 53 1 418., 153. 4 

123, 1551123, 156_S. . 

125# 161 f 126, 161 * _ _ 

_ 411 ,40 7111 2, 10.8. *_ 

S—VERTICAl. BRACING _ __ 

93.129190.130 * 

103.1291100.130 * 



r. 


r 


— tO 5 #-131 >-1-06# 1-32-3 

t-Q-7#133>l.oa#-13a_3- 

109 #_135- -4 

— 111#-139> 11 2,-14 (}...$ 

— U3,-14U114,142 f. _ 
— lqj5.#.i.4.9__s 


-1-17,147.1-118,148 S. 

-L1S#_LS3 1 

-12X# 1514-1 22, 152- i_ 
-11 9 #_157 .S 


TQ. STABILIZE- REAR TRUSSES 


L25#-155>126,156- J__ 

1-4 

15 BID U P-1-Ql'_ti UCKET— AXtACH MEN T _A N 0 _T 0 h E R 
1— BUCKET .ATTACHMENT-. . 

_NSECT=aa_3-__ 

163# 133} 163, 134 .$ 

— 163,135. 5 

163# 191 J 163,162 . $ 

— 163,143 5 

163,165 5 . 

_NSECT=22 5 
— 165,1-411165, 142 5 

165,225 4 

1_L0 HER 8 RAC IMG 

165,153. 4 

__217, 1511216,152 5 

217, 159; 21H,ihO_i_. 

fiR.OUP_H" ex tra -Mumpers 
NM4To2 4 

__N3ECT=4(L 4 T 

— 167, 1651168, ifta .$ 

— 103, 185i 1841, 166. 5 _ 

— 199, 185;2C0, 186_ 5 

— 175, 1S7j 176,166 $ 

191, 10U 19?, 168 £ _ 

2l9,-tS5l22Q, 186_ ±._ . 

— 221, 1051222, 1«6 3 
— 223, .1871224, 160 $_ 

— 101 , 1651162, 186 4 

197,185l.l9«,18fe. 4 

— 173, 1871 174,188 5_. 

— L09, 1871190, 180.3 
— 295,l§Zl2O4,180- 4 

177,1314 1 78,132 * 

— 1-93,-1311194, 132 4 

_ 207,331 1208, 132 $ 

1.6-9, 139 1.17 0, 100 .3 

20 UJJ9 >2 0? > 1 4 0 _ S 

17 1x13 1 Ji .7 2, 13 2_J_ 

203, 131 |2O0,132 5 
179,1391180,140 5 


-BRACING _. 



1-95*439*1 96, 1<10- 5- 

— 209*439*210, liiO -4 - -- -- 

.GROUP- -12" -MASSLESS MODEL-SUPPORT LINKAGES 

NMATS-3 S - - _ - - - 

_NSECtailO-_4. - 

227 # 12S *-227 , 126 — S 

— 227*417*227,118 -4 - 

— 229*4-07 *229* 108 -i_ - . 

— 229,-9-91229, 1 00 -S- — 

— 23l-*4QJ-*23l ,108 i_ 

— 234-#-99 * 23 4, 1 40 -4 

— 233 *4.2 5x23 3, 126— £ 

233#4L4Z?233, U8_S _ 

235*. 14 3x2 3 5,1 19 — 

235-*99 1-23 5 , 1 0 u_S _ 

1XQT. LQPQ_i ...... 

QNLINEbI _5__ . . 

4XflJL_fc_J& 

UQT._EKS._S 

XXQL—K $ . 

XXQT_IAiV_$ . 

S-ia.SET-UP LQAD_ CASES . _ . _ 

.UQT.AUS-4 . ... 

.$ DEF I ME _GEAiL.LOA.LilM G_ PJJR IMG.. TEST 

.SY.SV.ECLi.GEAp _LUAi)_l .1 4 

1 = ll_J = 23 1 *50 00 0.0 3 

1 = 2 J J = 23 1 *5 0 Q 0.0 . Q__4 _ _ .. 

1 = 3* J = 23 1*5-0000. 0..5 _ . . 

JL DEF.IME. CATAPULT EukcE 

5 FOR. LI MILLION. P(JJ>'Q CATAPULT- .IPPUST . 

SYa.VECjCATF.LQAD 1.1 

.. _I = 1 * J=163 J-l . 1+6 * 

I=3lJ=163*48o27. .1 . 

.SDEFINg. A. UNIT ARREST PyRCE _ 

SYSVEC * ARRF UNIT .1 .1 4 _ 

1 5 1 f 0 = 29,30*0.5,0.5 3 

$_ CARRIAGE ^HtEL TRUCK RRELDaD IN Y-DIRECTICN 
_. SYSVECjCARG PRFL 11%. 

__ .1=2* J=l6j 15000. s 

1 = 2*0 = 212*15000. »_ . 

S_EORM RIGID BODY MOTION VICTORS _ 

.RIGD.bR.IGIO % . 

^-DEFINE. BASS 0ATA_&ETS .... 

__ DEPINE D E m = 0 E M D I AG 0 . 0_ $ . 

_DEFIN£ FJXaRMAS FIX % . 

_ DEFINE M15HSMS15. HIGH . ... 

_ DEFINE M 1 5L = NS 15 UQ» _ . 

D EE IN E_ M 5u H s m s 5 C P T G H 

_ DEFINE m 5 o l s M S 5 o L0-. .. ..... 

RM1sSUMCFIX,mishi h 
RM2=SUMCFIX,misl) t 



— HM3aSUMCFIx # MlSL)--S — 

RM4s.SU«CFIX,r‘5()H). j 

RM5aSUM(FlX,M50U)- S _ _ 

— TMO«SUM(uEM,FIX)-$ __ 

L-. — TMlaSUH(DEM,RttU a. 

v .TLM 2 aSUmuEM#RM 2 )-S 

— IM3SSUM (0EM,RM3) _3 

Jfc14=SUMCaEM,RMa)__$ 

.TH5=SUMCDe*!,J?il5)_S 

— OEEINE rtGblsRIGD -AUS-4- 1-4 1 _S_ 
— OEFXNE-fiGC3aRXGU_AUS— 1 _ 1 _ 3 - 3 -S. 
•£_GflA VXT-Y- LOADS 

- --GLQnPRODUCTCZMO, -1.0-Rf,C3)-S 

GLlaPRODUCT ( T. M 1 « 1 » o~' RKD31 -Si.. 

GL2=PRQQUCT ( TM2« - 1 ,.0. kG 03 ) S. 

GL3PPR0DUCTCTM3. - 1.0 RGD3) t 

- _ G14=PRQDUCTCTM4, ,-l.£L kGD3X 
GL53ER011UCUT.M5, _-l.ii e G D3) 

- — - ThG = XJY tl»L(u_-l . <x h'tD3) 4 

T^1=XTY (GL1 * -1.0 W0D3) i 

TW2=XTY(GL2* -1.0 PGD31 4 

Th3=XTY (GL3# -1.0 Rr;D 3 ) ? 

TW4sxty(ql 4# -J.n rg.033 f 

JtSaj<lItfiL5#_-1..0 P G D 3 J * 

T w o.R s p E c I P ( T w 0 ) * 

TwiR.sk £c IP (t*li j 

TW 2 RsPECJP(Tt- 2 )_$ '* 

__ . TW3RsR£CIPf T*3J «? 

TwjRsWfciPl r*«) 'i 

_TiS5_M sREC I B£Tj&5 

C .G CALCULATION s 
. DEFINE HY=RIGD AOS 1 1 5 5 % 
_MRYQap«jjD(TMQ,BY) S> 

MRYl=P.Rnp(T-il,RYJ $ 

_ MRYg=PRGD(TN2 / RY) 3 

M R Y3 =RH 0J3 ( T N 3 , R£l_ J __ _ 

MRY<JsPRQD(TMtj,RY) $ 

MRY5 = PR 00 (TP5,RY) i 
— ZRYO=XTY (PR03/ -1.0 URYOl's 
— ZRYl = XTY(kGD3# - 1.0 HFYD * 

ZRY2SXTY (ROD 3# -l.o. MRY?) * 

ZRY^SX T Y (Rf,Q3 , -1,0 -tkY 3 ) $ 

ZRY4SXTY (RGD3. _-l ,n MRY 4 ) «" 

_ ZRY58XTYCKG03, -1.0>fiY5) J 

XRYOsXTYlRGDl #M_RY 05 

XRY1 SXTY(RG01 ,mryiY Y 

. .. XRY2bXTY(RG01,m'ry?)_« 

* RYJ s X T Y.( RG D_i.x_!i.R Y 3 )_ Y_ 

XRY_4 = XTY(RGPl#fiRYa ) "s 

XRY5sXTY(RGDI/nry51 « 

XCGOsPROOfZRYO.T^oR) * 


y* 



— : — XC£.l=PftUD(Zfm,T«lR)--S --- 

XCG2=PR00(ZR-Y2,TWPP) 1 

XCG3sP.HQQ(ZRYl»-Tri3P) *_ .. _ .. 

XCSUnPROOCZRY«*-Tw«k) <5 . . 

XCG5aPKU0(ZRJC5*.T*SR) -S. - . 

ZCGOsPROUCXRYa^XwOk) i- _ _ 

ZC6taPR0UfXRYl#TAlR) S . 

ZC-G2SPR0D (XR Y- 2 » T wRkJ) _4> — .... 

ZCC3aPHODCXRY3#TH3R) 4 — 

ZC-GilaPKOU CXRY/J^TWdi') $ .... 

Z£fi 5 sPR 0 D(XkY 5 »TW 5 Kl_$_ _ 

A_CmfiULX-LNEH.UA..UQAUS . _ __ 

LCLcisEAQiiUCT- (T±U+— 1 .» 0 -RGD -1 3 - i . . 

ICLUaBRDOUCTtrrt*!, l.a_RUDl) S __ 

lABLE(&laUNJa7QajiOU»A-S.. 

lPANXSQJUPCE»ICLri3_4. 

YJCU1BRPRDD.CLWIR,. 1.1+6 QU^A3 3 . 

I ABLE-tMlsl, MJ = 7 a 6 3-lDiLtlO_ A _ _ _ 

TBAMSGURCE«ICLU_A . . 

V.CLL= R PRi! D C T WM, DU M DJ_3 __ _ 

aYSY.EC_lF.CU±-S 

IRAN C SOURCES. YCLH.3- 3 

S_Y3_VEClFCLL_S_ 

lfiAMCSO.UR C.E sV.CLL 3 * _____ 

J 6 . A RfiESJL. 1 N Efi TI A_ _LU A_Q S_ 

lALHaPfiQPUC T. C TMA*_- 5 . 0 PGU13..3 

IALL=P_fi QDU C TXT *15 *__rX. iL RGDl 3_ ? 

fiALhsAlY Cl A.LHt -.l.jL_P GDI) * 

R ALLsX T Y ( I ALL »_-l . 0 _fiGDl 3 4 

1ABLE.CN .I.s.l f .N. Ja7Q 8 ) i PUMP $ 

IRAN t SOURCE* ARk F ) _ 

V A L H a~R P R 0 [) f P A I. H . t) U M n ) $ 

yALL=RPROO(RALLiPUMh) i_ . ... 

SYS.VEClFALH JL 

TRAN (S0URCE=VALHJ 5 

SmiClfALL-f. ... ' _ 

TRAN (SOUPCEaV ALL) * 

4_TEST .I.NERTIA I.GAPB. 

ITL?PRQDUCT(Trt3#„-l,o >GD13 % _ 

TASLE(NJal # NJs70S) |OtJ M C 4 

T R A_N_C S 0 UR C F s I T L 1 _ 

Y1IL=RPRQQCTW3«,„5Q00Q. 0> jM C) .4. 

SY.SAEC I F.LTL__S __ _ 

TRAMCSQ.URCEsVITLl.X_ 

_$.SUM_THRy.STj tNE_RT|A,CARPIAGF_PRELOAO, GRAVITY LOADS 
Jf_CASEJL_- 20,Q0QJ,tt. M,) DEL - HTGH_ PUS I T JON - CATAPULT. 
DEFINE. CPL05CA«G_ b REL 1 1 3 

DEFINE. lBJJK3QA_if_LQAQ_l 1_<S .. 

T*1P)«SUM(FBU*#VCLH) 

DUNlsSUMCTNPl ,CPI,D) * 

- __ SAVE FORC 1 1 sSIjN CDUU l . GL 1 3 S 



3- CASE -2 -•-20*000 LB . . MhOFI. -"LOW POSITION - 5G ARREST 

- TMP2aSUM(FALH,IAlHJ i t5T 

OUM2sSur (TMPS, CPU)) 1 .... 

SAVE -FORC ? IsS'Jti CLUm2,GL21 _S 

$- CASE -3 GEAR LOAD DURING TEST. 

DEFINE- JjRLDsG-EaR LOAD- 1 -1- 4 _ 

- THP-3aSUMCGRL0#FITU -4 - 

DUfl3sSUM.( T MPJ/CPLO) a 

SAVE FQRC- 3 laSUM-t£iUM3/GL3) S 

S-CASE- U _» 50/ 000 . LB. HO DEL * HIGH. POSITION - CATAPULT 

TMP<|bSUW(FBUK. VCLL1- 4- .. - _ 

OUH.^eSUf' CT^E*t#CPL Q1...S 

— SAVE-FQRC U laSU^(LLU^A/GLU) 4 

S. CASE -5 - 50 / 0(10- LB,. MuUEl — - LOW POSITION - UG ARREST 

— TMPSsSUFCFALL/IALLJ i - . _ arrest, 

— 0UM5OSUN (THP5/COI.0) % ._ 

SAVE FOPC 5 l=SUaCDU v 5/GL5) 

--DEFINE-LlsSA.VE-F.OHC . L 1 . 

- DEFINE L2aSAVE FQRC 2 1_S 
-DEFINE -L3sSAVE-FOPC 3 l_£ . 

-DEFINE. L4S5AVE- FORC a l 5. 

DEFINE. L5 = SAVE FQRC ..5 L 3 

.UQT P DCa°| C 1 1 * UW10N,l '° u ’ 1 - 0 L 2# 1 ,0 L3# 1,0 H.l.U 


5) S. 


_. PRINT 1 

- PRINT l 

- PRINT. l 
PRINT. 1 

. PRINT 1 
PRINT. 1 

PRINT i 
_ PRINT 1 
_ PRINT 1 
. PRINT 1 

- PR I NT.. 1 

- PRINT.. 1 
_ PRINT. 1 

- PRINT i 
. PRINT. 1 

PRINT A 
-- PRINT 1 

- PRINT...1 
__ PRINT 1 
S. PRINT 1 

$ PRINT. 1 
$. PRINT 1 
4 PRINT \ 
$ PRI NT" 1 


4 PRINT. 1 

5 PRINT 1 
$ PRINT 1 
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.1 

* 


3 

4 

<R 


JLDC 4 
T-*/0 S 
Twl £ 

Tw2 3 . 
r*3 
Twa 
TW«j 

XCGO 3 
ZCGO. S 
XCG 1. % 

ZCG 1 
X CG2 
ZCG2 
XCG3 $ 
ZCG3 .3 
XCG'4_4 
ZCG a 3 
XCG5 _t_ 
7CG5 ,S.__ 
RCLH 3 
RCLL 3_ 

K A L H %_ 

pall *1’ 

FCLH_t__ . 

F C L I 4 

falh j 
FALL 3 



_UflT_SSflU-S 

-UQX--Vi?RT— 3 . .... 

PR1MX-AP-PL— FOPC - i -1 3 

— PRINT 8TAT- DISP l-l 4- - . 

■ L J — JOXNIS— 1-»£36» 1 ... _ .. 

^ — — EXL- T .E R .s.1,-,41 0 >4 » 0 »-l 0 3 - - - - - 

_ — PRI^lT-STAT REAC-4-1 3 -- - - — 

4-XQT-CLSF- $ - - . . . 

RESET -U=1#L2 = 5 -S-- - -- - 

„ 5-UQT_PSF_i— _ 

S_RESE-T_Usi#L23S -i - - _ _ 

4XR.T — AliS—S . ..... 

_D£F INEL. S-US TRS- E2i 1-1. -S .. 

-DEFINE -&2SSTRS E23 1 2-3- _ - 

_X>EF_IHE_SisSTKS-E23-X 3-3 

_J&EEIJi£_Sfl«STRS_E2J.l 4_S . 

-JJEE-LM-E- SSaSTPS _E21 1 5.1. _ 

XABLEXfiLsR*^ J 51A2.U S Q NE _T Afi L 111- 

_ — ^TRAbLCS0URCE = SUSBASF = 0^lLlf 4 = y»SSKlP = 2/DPASF = 0,DSKlPs;5,JLIXB7«2J .$ 

1ABLE-LN-IP9* NJs7y.21 *STi‘>Q T AbL 115. 

TRAMS QUPCEsSl., SBASEsS. IL I M = 1 , SSK IPcS , DP ASEs/J , DSK I Ps8 , JLI Ms7 A? \ -$ 

.TRAN(S0URCE = S2#SBASE=5#ILI m =1#SSMP = 5#DRASEsS,DSKIP = 8,JLIM!=7A21 S . 

JRAMSQUHCEsS3#SBA_SEs5#ILIPsl,SSt<IPs5,DBASEs6,DSKIP = e, JLI^c7a2) S 

IRANXSniiR.CE=S«*SliA.SE=5« IUHsl,SSKIP?5#DBASEs7,DSKIPse, JUIMs7«2) $ 

TRANCS0'JPCE3S5#.SHASt=5#ILI^Bl#SSKIP 5 5»DBASE58,DSKIP = 8, JLIHc742) $ _ 

_DEFIN£_SS1=SUNE TABL 111 

_D£FJ!aE_.8&2*STW0_TAbL. 1.1 .5 . .. 

_STRS..TABL 1. IsSUMCSONEf 1.759-5 STWO) 5 
_ S T R 3 __ J A b L_ 2 2=SUM [SU^Ef ST^O) 5 

tXRT D CU \ 

_LQC. 1_$ ... 

3 STR3—TA8L 1 1 CONTAINS «AJin C'R ACTUAL STRESS TO ALLOWABLE STRESS 

(ALLOWABLE STRESS = 57 *SI), 

$ STRS T A6L 2 2 COnTaInS ACTUAL STRESS VAL"ES. 

PRINT. J.STRS TABL-1 1.3 
PRINT— 1 f STRS T A B L . 2 2.1 



Table I.- Pertinent Parameters for Three Catapult Cases 


Existing 200 Knot Systems 

System : 

Catapult Stroke 122m (400 ft) 122m (400 ft) 183m (600 ft) 

Volume of compressed air, m3 (ft3) 90.6 (3200) 136 (4800) 136 (4800) 

Initial pressure of compressed air, 22 (3200) 22 (3200) 22 (3200) 

MPa (psi) 

Initial jet velocity, m/sec (ft/sec) 201 (662) 210 (689) 210 (689) 

Initial jet angle (water vessel 0.9 0.9 1.345 

angle), deg 

Jet velocity of end of catapult 187 (615) 191 (626) 192 (630) 

stroke, m/sec (ft/sec) 

Nozzle diameter, m (in.) .182 (7.16) .356 (14) .279 (11) 

Carriage mass, kg (lbm) 48 000 (106 00C) 39 000 (85 000) 39 000 (85 000 

Maximum acceleration of carriage, 3 13.5 9 

g units 

Maximum force on carriage, kN (lbf) 1414 (318 000) 5104 (1 147 000) 3403 (765 000) 

Carriage velocity at end of catapult 112 203 197 

stroke, knots 

Maximum jet trajectory height above .475 (18.7) .505 (19.9) 1.14 (44.7) 

nozzle, m (in.) 

Estimated vertical opening of turning 1.02 (40) 1.17 (46) 1,78 (70) 

bucket, m (in.) 

Water volume expelled, m3 (gal) 11.7 (3100) 23.8 (6300) 22.33(5900) 


Horizontal foundation load on water 1054 (237 000) 4373 (983 000) 2700 (607 000) 

vessel, kN (lbf) 









Table II.- Mass Statement for Candidate Configuration 


Payload 

Small Test Article 


Non-Structural 
Wheels & Trucks (4 
Instrument Cab 
Propulsion Bucket 
Arrest Nose Blocks 


& Test Fixture 

@ 1134kg (2500 lbm)) 
(2 0 340kg (750 lbm)) 


Structure 

Idealized structural mass 
for first sizing 
Miscellaneous structural mass 
(10% of idealized) 



First 

Sizing 

9072kg 

(20 000 lbm) 

4536kg 

1815kg 

2041kg 

680kq 

(10 000 lbm) 
( 4 000 lbm) 
( 4 500 lbm) 
( 1 500 lbm) 

9072kg 

(20 000 TbmT 

18 551kg 

(40 900 lbm) 

1855kq 

( 4 090 lbm) 

20 406kg 

(44 990 lbm) 

38 550kg 

(84 990 lbm) 


Second 

Sizing 


9072kg 

(20 000 lbm) 

9072kg 

(20 000 lbm) 

15 875kg 

(35 000 lbm) 

1588kq 

( 3 500 lbm) 

17 463kg 

(38 500 lbm) 

35 607kg 

(78 500 lbm) 


Total 



Table III,- Characteristics of Candidate Carriage Structure 


TOTAL MASS 

(Mass Statement given in 
Table II) 


For 9072kg (20 000 lbm) test article 35 607kg (78 500 1 bm) 

For 22 680kg (50 000 lbm) test article 49 215kg (108 500 lbm) 


MATERIAL 


Type 

Yield Strength 
Allowable 


HY 130 

869 MPa (130 ksi) 
393 MPa ( 57 ksi) 


C. G. LOCATION 

(X measured horizontally from wheel trucks) 
(Z measured vertically from rail surface) 


WITHOUT TEST ARTICLE 

With 9072kg (20 000 lbm) test article 
in raised position at catapult 


yCG 

^CG 



With 9072kg (20 000 lbm) test article ^CG 

in lowered position during test Z CG 

and arrest 


With 22 680kg (50 000 lbm) test article* *CG 
in raised position at catapult 

With 22 680kg (50 000 lbm)test article X 
in lowered position during test Z~q 

and arrest 


12. 

90m 

(508 

in. ) 

1 . 

91m 

( 75 

in. ) 

12. 

,95m 

(510 

in.) 

2. 

,95m 

(116 

in.) 

12. 

,95m 

(510 

in.) 

1 . 

,75m 

( 69 

in. ) 

10. 

,46m 

(412 

in. ) 

3. 

,23m 

(127 

in.) 

10. 

,46m 

(412 

in.) 

1. 

,52m 

( 60 

in. ) 



Table IV.- Characteristics of Candidate Carriage Structure 


Maximum g-loading during catapult (calculated) 

For 9072kg (20 000 lbm)test article 
For 22 680kg (50 000 lbmjtest article 

Maximum g-loading during arrest (assumed) 

For 9072kg (20 000 Ibm) test article 
For 22 680kg (50 000 Ibm) test article 

Maximum total holddown force during catapult 

For 9072kg (20 000 Ibm) test article 
For 22 680kg (50 000 lbmjtest article 


Deflection of support for 9072kg (20 000 Ibm) 
test article during test 

For F drag = 222.4 kN (50 000 lbf) and 


F side = 222.4 kN (50 000 lbf) 


14 g's 
10 g's 


5 g's 
4 g's 


357.6 kN (80 400 lbf) 
306.9 kN (69 000 lbf) 


Longitudinal Deflection= 
0.74 cm (.29 in.) 

Side Deflection = 2.08 cm 
(.82 in.) 



Table V.- Tubes Used for Carriage Structure Design 


Sectional 

Number 


Used in 
SPAR 

Analysis 

Nominal 
Diameter 
cm (in) 

Outside 
Diameter 
cm (in) 

Inside 
Diameter 
cm (in) 

Area 

cm2 (in2) 

Total Length 

Inertia Used in Carriage 

cm4 (in4) m (ft) 

Total 

Mass 

kg 

db) 

10 

5.08 

(2) 

6.033 (2.375) 

5.250 (2.067) 

6.936 (1.075) 

27.721 (.666) 

462.1 

(1516) 

2661 

(5867) 

14 

5.08 

(2*) 

6.033 (2.375) 

4.925 (1.939) 

9.529 (1.477) 

36. 1 29 ( . 868) 

48.5 

(159) 

383 

(845) 

17 

6.35 

(2 h) 

7.303 (2.875) 

6.271 (2.469) 

10.994(1.704) 

63.683(1.530) 

11.6 

(36) 

106 

(233) 

22 

7.62 

(3) 

8.890 (3.500) 

7.793 (3.068) 

14.374(2.228) 

125.577(3.017) 

179.8 

(590) 

2146 

(4732) 

26 

8.89 

(3 h) 

10.160 (4.000) 

9.012 (3.548) 

17.290(2.680) 

199.292(4.788) 

88.1 

(289) 

1265 

(2788) 

31 

10.16 

(4) 

11.430 (4.500) 

10.226(4.026) 

20.477(3.174) 

301.060(7.233) 

281.0 

(922) 

4779 

(10535) 

36 

8.89 

(3 %*) 

10.160 (4.000) 

8.545 (3.364) 

23.729(3.678) 

261.393(6.280) 


- 


- 

40 

6.35 

(2 %**) 

7.303 (2.875) 

4.498 (1.771) 

25.987(4.028) 

119.500(2.871) 




- 

43 

12.70 

(5) 

14.130 (5.563) 

12.819(5.047) 

27.742(4.300) 

631.007(15.16) 


- 


- 

55 

15.24 

(6) 

16.828 (6.625) 

15.405(6.065) 

36.006(5.581) 

1171.275(28.14) 

78.6 

(258) 

2351 

(5184)' 

‘ 61 

12.70 

(5) 

14.130 (5.563) 

12.225(4.813) 

39.432(6.1 12) 

860.350 (20.67) 

8.5 

(28) 

279 

(616) 

84 

15.24 

(6*) 

16.828 (6.625) 

14.633(5.761) 

54.226(8.405) 

1685.321(40.49) 

42.7 

(140) 

1921 

(4236) 


15892 (35036) 


* Extra Strong 

** Double-Extra Strong 












- (T) Experimental carriage acceleration (Using 2 air bottles pressurized to 20 MPa (2950 psi) 

8 for a carriage mass of 48080 kg (106,000 lbm) 

Theoretical (from equations in ref. 1) 

Theoretical; estimated air drag and rolling friction included 

Theoretical; estimated air drag and rolling friction plus the addition of valve opening 
force ranp 

“ (D Theoretical with the addition of jet/bucket efficiency estimate 



Time, sec 


gure 3.- Actual and calculated carriage acceleration time histories used in the development 
of equations to describe the existing catapult stroke. 
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Jet velocity, 
m/sec 



650 
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ft/sec 
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Figure 4.- Calculated water jet velocity for 2 existing air bottles 
pressurized to 20 MPa (2950 psi) assuming an instantaneous 
valve opening and a nozzle diameter of 0.182 m (7.16 in.). 


Catapult distance, ft 


Jet/bucket efficiency 
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Figure 5.- Estimated efficiency for combination of wat^ r jet and turning bucket during catapult stroke. 
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figure 6.- Calculated water jet velocity (maximum) for three (3) existing air bottles pressurized to 
22 MPa (3200 psi) assuming an instantaneous opening of the valve. 



Acceleration, g units 



0 12 3 

Time, sec 


(a) Nozzle diameter, 0.25 m (10 in.) 

Figure 7.- Carriage acceleration and maximum velocity for a 122 m (400 ft) catapult stroke using three (3) 
air bottles pressurized to 22 mPa (3200 psi) and a carriage frontal area of 41.8 m2 (450 ft2). 


Acceleration, g units 
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Time, sec 

(b) Nozzle diameter, 0.28 m (11 in.) 


Figure 7.- Continued. 



Acceleration, g units 



0 1 2 3 

Time, sec 

(c) Nozzle diameter, 0.30 m (12 in.) 


Figure 7.- Continued. 



Acceleration, g units 



Time, sec 

(d) Nozzle diameter, 0.33 m (13 in.) 
Figure 7.- Continued. 


Acceleration, g units 
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Figure 8.- Hypothesized efficiency 
catapult stroke (Estima 






Acceleration, g units 
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(a) Nozzle diameter 0,25 m (10 in.) 


Figure 9.- Carriage acceleration and maximum velocity for a 183 m (600 ft) catapult stroke using three (3) 
air bottles pressurized to 22 mPa (3200 psi) and a carriage frontal area of 41.8 (450 ft^*). 



Acceleration, g units 


Time, sec 

(b) Nozzle diameter 0.28 m (11 in.) 
Figure 9.- Continued. 




Acceleration, g units 



Time, sec 


(c) Nozzle diameter 0.30 m (12 in.) 
Figure 9. - Continued. 



Acceleration, g units 



Time, sec 

(d) Nozzle diameter, 0.33 m (13 in.) 
Figure 9.- Continued. 


Carnage speed, 
knots 



Time, sec 


(e) Nozzle diameter 0.36 m (14 in.) 
Figure 9.- Concluded. 



Carnage mass 



Figure 1 


leration during catapult. 


Carriage mass, lbm 
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Figure 11.- Water consumption for various nozzle sizes using 3 air bottles at an initial 
pressure of 22 mPa (3200 psi). 



Turning bucket 



(a) Current catapult design using 2 air bottles pressurized to 20 mPa (2950 psi) 
(Nozzle diameter 0.182 m (7.16 in.)) 


Figure 12.- Theoretical position of water jet with respect to existing carriage bucket size and location. 



- V 

(b) Trajectory using 3 air bottles pressurized to 22 mPa (3200 psi) 
for a catapult stroke of 122 m (400 ft) 

(Nozzle diameter 0.36 m (14 in.)) 


Figure 12.- Continued. 


Jet at max. trajectory 



(c) Trajectory using 3 air bottles pressurized to 22 mPa (3200 psi) 
for a catapult stroke of 183 m (600 ft) 

(Nozzle diameter 0.28 m (11 in.)) 


Figure 12.- Concluded. 




(a) Configuration 1. 



(b) Configuration 2. 


Figure 13.- Computer aided design of preliminary carriage structural 
configurations. 



(c) Configuration 3. 



(d) Configuration 4. 


Figure 13.- Concluded. 


Figure 14.- Candidate carriage structural configuration. 
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.6 .7 .8 .9 1.0 1.1 1.2 1.3 x 10 6 



Maximum catapult force on carriage, MN 


(b) 183 m (600 ft) catapult stroke 

Figure 15.- Concluded. 
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